However, few efforts have been made to understand the potentially significant impact of tissue remodeling on ASMCs. Therefore, this study reports how ASMCs respond to a change in mechanical stiffness of a matrix, to which ASMCs adhere because mechanical stiffness of the remodeled airways is often different from the physiological stiffness. Accordingly, using atomic force microscopy (AFM) measurements, we found that the elastic modulus of the mouse bronchus has an arithmetic mean of 23.1 Ϯ 14 kPa (SD) (median 18.6 kPa). By culturing ASMCs on collagen-conjugated polyacrylamide hydrogels with controlled elastic moduli, we found that gels designed to be softer than average airway tissue significantly increased cellular secretion of vascular endothelial growth factor (VEGF). Conversely, gels stiffer than average airways stimulated cell proliferation, while reducing VEGF secretion and agonist-induced calcium responses of ASMCs. These dependencies of cellular activities on elastic modulus of the gel were correlated with changes in the expression of integrin-␤ 1 and integrin-linked kinase (ILK). Overall, the results of this study demonstrate that changes in matrix mechanics alter cell proliferation, calcium signaling, and proangiogenic functions in ASMCs.
airways smooth muscle cells; asthma; matrix stiffness; hydrogel; integrin IN DISEASES SUCH AS ASTHMA and chronic obstructive pulmonary disease (COPD), structural and functional changes in the airway are key characteristics. In this regard, airway smooth muscle cells (ASMCs) are important not only for normal airway function by virtue of their role in regulating airway tone and caliber but also to pathophysiology via their responses to inflammation and other insults that drive diseases such as asthma and COPD. For example, ASMCs can contribute to the thicker and stiffer airway of asthma by undergoing increased cell proliferation, as well as greater deposition of extracellular matrix (ECM) components (3) . Furthermore, ASMCs serve as a source of growth factors including vascular endothelial growth factor (VEGF) that can have autocrine/paracrine function on the airways and on the pulmonary vasculature (13) (14) 39) .
While resident cell types such as ASMCs respond to inflammatory stimuli and even growth factors, smooth muscle cells are also responsive to changes in physical properties of tissues that occur in various chronic diseases. For instance, in a rabbit model, atherosclerosis increases the elastic modulus of the systemic vascular wall from ϳ30 to 80 kPa (2, 22) . Such stiffening of the vascular wall leads to an increased proliferation of vascular smooth muscle cells due to upregulation of platelet-derived growth factor receptor (PDGFR) signaling (2) . In a similar context, several prior studies reported that lung diseases result in altered stiffness of pulmonary tissue (17, 23) . However, few efforts have been made to systematically examine whether the change of matrix stiffness affects activities of ASMC characteristics.
In this study, we hypothesized that mechanical stiffness of a cell adhesion matrix would modulate factors implicated in the development of lung disease, and we focused on cell growth, calcium signaling, and proangiogenic growth factor secretion in ASMCs. To examine this hypothesis, we performed mechanical mapping of the ASMC layer in mouse pulmonary airways to gauge the stiffness of airways. We grew human AMSCs on collagen-conjugated polyacrylamide (CCP) hydrogels with different mechanical stiffness by tuning the elastic modulus of the hydrogels to span the range seen in normal airway tissue and exceeded this range to model pathological changes in matrix mechanical properties (7) ASMCs were cultured on these gels to analyze effects of matrix stiffness on cell adhesion, proliferation, and secretion of VEGF. Exposure of ASMCs to tumor necrosis factor (TNF-␣) or transforming growth factor (TGF-␤) was used to recapitulate inflammatory, extracellular microenvironment. In parallel, we examined expressions of integrin-␤ 1 and integrin-linked kinase (ILK) and calcium signaling of cells to elucidate the underlying mechanism by which matrix rigidity modulates cellular activities.
MATERIALS AND METHODS
Atomic force microsopy-based mechanical mapping of airway tissue. The mechanical mapping of the lung airways was performed in accordance with a protocol described previously (19) . In short, fresh tissue samples were prepared by inflating mouse (C57BL/6) lungs with 2% agarose at 37°C (50 ml/kg body wt) followed by cooling to 4°C on ice. Tissue strips with a 400-m thickness were cut with a razor blade and then washed in phosphate-buffered saline (PBS) at 37°C to remove the agarose. Intact airways running parallel to the cut surface of tissue strips were identified by staining fresh tissue with an antibody against ␣-smooth muscle actin (Sigma). Alternatively, strips of 400-m thickness were cut by a VF-300 microtome (Precision Instruments, Greenville, NC), and airways cut transverse to their major axis were identified by characteristic morphology and presence of cuboidal epithelium. The tissue strip samples were adhered to poly-L-lysine-coated coverslips by gently pressing them with untreated coverslips. Mechanical properties of tissue samples were characterized as previously described (17, 19) using the MFP-3D atomic force microscopy (AFM; Asylum Research). A sphere-tipped probe (Novascan, Ames, IA) with a diameter of 5 m and a nominal spring constant of ϳ60 pN/nm was used. The cantilever spring constant was further confirmed by thermal fluctuation method, and the AFM system was calibrated following the manufacturer's instruction before each indentation measurement. Force-indentation profiles were acquired at an indentation depth of ϳ240 nm and rate of 20 m/s. Twelve airways in the mouse lung were examined in this analysis. Surface maps were assembled by sampling a 16 ϫ 16 grid covering 80 ϫ 80 m area of airway wall surface. Transverse maps of airway cross sections were assembled by sampling along airway radii. The overall distribution of airway elastic properties was assessed by averaging elastic moduli measured at 3 locations around the circumference of 12 individual airways. The elastic modulus at each point was calculated from fitting force-indentation data using a Hertz sphere model (19) assuming a Poisson's ratio of 0.4.
Preparation of collagen-conjugated polyacrylamide hydrogels. Bovine type I collagen solution (3 mg/ml; PureCol, Advanced Biomatrix) was first incubated with 50 mg/ml acryloyl poly(ethylene glycol) N-hydroxysuccinimide ester (acryloyl PEG-NHS; Jenkem Technology) at 4°C for 2 h. Then, the collagen bound with acryloyl-PEG-NHS was mixed with the 40% (wt/wt) acrylamide and 2% (wt/wt) N,N=-methylenebis(acrylamide) stock solutions and with 1:100 (vol/vol) and 10% (wt/wt) ammonium persulfate (Sigma) and 10% (wt/wt) tetramethylethylenediamine (TEMED; Fluka). E gel was controlled by varying the molar ratio between N,N=-methylenebis-(acrylamide) and acrylamide (M c). Specifically, increasing Mc from 0.01 to 0.03 and 0.06 led to an increase of Egel from 15 to 27 and 93 kPa ( Table 1 ). The molar ratio between 2% N,N=-methylenebis(acrylamide) and acrylamide was varied from 0.01 to 0.06. The mixture was poured in a space between two glass plates separated by a 2-mm spacer. After 10 min, the resulting gel disks with a 1-cm diameter were punched out using a puncher. The gel disks were further incubated in PBS at room temperature overnight before being plated ASMCs on the gel. PBS was replaced three times a day to wash out excess reagents.
Analysis of stiffness and degree of swelling of the hydrogel. Mechanical stiffness of the collagen-conjugated polyacrylamide gel was evaluated by measuring compressive elastic modulus. After incubation in PBS over 24 h, gels were compressed at a rate of 0.1 mm/min using a mechanical testing system (MTS Insight). Compressive elastic modulus was calculated from the slope of the curve between stress and the first 10% of strain. Three samples were measured per condition. To determine the degree of swelling, gels were incubated in PBS at 37°C for 24 h and weighed. Then, the gels were lyophilized to measure solid mass. The degree of swelling was calculated by dividing the weight of a fully rehydrated gel by the weight of the dry gel.
Cell culture. In all experiments, we used primary human ASMCs derived from lungs of patients undergoing thoracic surgery at the Mayo Clinic for focal, noninfectious pathologies (37) . Cells were used within passages 2-8 and were cultured in DMEM/F12 (Mediatech, CellGro) supplemented by 10% fetal bovine serum (Invitrogen), 1:100 GlutaMAX (Invitrogen), penicillin, and streptomycin (Invitrogen). The cells were seeded on hydrogels at a density of 10,000 cells/cm 2 , and then cell-adhered gel disks were incubated at 37°C and at 5% CO2. For the analysis of cell proliferation and VEGF secretion, 10,000 cells were seeded per gel. For all other experiments, we plated 1,000 cells per gel. We limited the passage number of ASMCs to eight, because of the significantly decreased cell proliferation rates after passaging cells more than eight times.
Analysis of intracellular actin filament organization. Cells were washed twice with prewarmed neutral PBS. Then, cells were fixed with warm 4% formaldehyde in PBS for 10 min and washed twice with fresh PBS at room temperature. The fixed cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min. After blocking of cells in 3% bovine serum albumin (BSA) solution, Alexa Fluor 488 phalloidin (Invitrogen) was added as per manufacturer's instruction. Slides were mounted using Prolong Gold Antifade Reagent (Invitrogen). Images were acquired with a laser scanning confocal microscope (LSM 700; Zeiss).
Morphometric analysis. Phase contrast images of proliferating cells were captured using an inverted microscope (DMI 4000B; Leica) equipped with a digital camera ORCA-ER (Hamamatsu Photonics). National Institutes of Health (NIH) ImageJ software was utilized for all morphometric analyses of ASMCs. Cell perimeter and cell area were measured by delineating the cell contour using NIH ImageJ software. The aspect ratio (the ratio of the cell's long axis to its short axis) was calculating after determining the length of each cell's long and short axis.
Immunocytochemical analysis of integrin-␤1. Cells were fixed with warm 4% buffered formaldehyde in PBS for 30 min and then incubated in 0.1% Triton-x (Sigma) solution for membrane permeabilization. Fixed samples were blocked with 3% BSA solution prepared with PBS and incubated overnight at 4°C in PBS dissolved with primary antibodies: mouse anti-integrin-␤1 antibody (Abcam) and rabbit polyclonal anti-phospho-ILK (Ser246) antibody (EMD Millipore). The slides were washed three times with PBS and incubated with secondary antibodies: Alexa Fluor 568 goat anti-mouse antibody (Invitrogen) and Alexa Fluor 488 donkey anti-rabbit antibody (Invitrogen). All antibodies were applied in dilution 1:1,000. Images were prepared with a laser scanning confocal microscope (LSM 700; Zeiss) using the same laser intensity between different conditions. Specifically, integrin-␤1 was imaged by exciting samples at 555 nm and collecting emission ranging from 560 to 600 nm. ILK was imaged by exciting samples at 488 nm and collecting emission ranging from 488 to 550 nm. For measurement of staining intensity, each cell was delineated along the perimeter using NIH ImageJ software, and mean gray value was determined for each cell. Then, averages were calculated, and the mean value obtained on the stiffest matrix (E gel ϭ 93 kPa) was assumed to be a 100%. After the background was deducted, staining intensity values for the gels with Egel of 15 and 27 kPa were divided by the mean value for the stiffest matrix to calculate percent values. Gray values from at least 50 cells were processed for each experimental condition.
Analysis of cell proliferation. Cell proliferation rate was evaluated with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (10) . ASMCs were seeded on hydrogel disks at a density of 10,000 cells/cm 2 . MTT assay was conducted at 3 h and 72 h after cell plating. The results of the assay were based on the light absorbance at 570 nm measured using a microplate reader (Biotek Synergy HT). Measurements were repeated three times in triplicate.
The absorbance values at 3 h postseeding were presumed to be 100% for each condition. To convert absorbance values into percentages, the absorbance values at 72 h postseeding were divided by the absorbance values at 3 h and multiplied by 100%.
Intracellular Ca 2ϩ concentration imaging. Human ASMCs cultured on hydrogels were incubated in 5 M fura-2 acetoxymethyl (AM) ester (Invitrogen) for 45 min at room temperature, and the resulting fluorescence was visualized using a Nikon Eclipse TE2000-U inverted microscope with an extra-long working distance 20X Plan Flour lens (WD 6.9 -8.2 mm) allowing us to image through the gels. Cells were perfused with Hank's balanced salt solution (HBSS) containing 2 mM Ca 2ϩ while being alternately excited at 340 and 380 nm with a Lambda 10-2 filter changer (Sutter Instruments, Novato, CA). Baseline fluorescence was briefly established and intracellular Ca 2ϩ concentration ([Ca 2ϩ ]i) responses to histamine were measured with 5-10 cells in software-defined regions of interest. Fluorescence emissions were collected separately every 2 s for each wavelength with a 510-nm barrier filter. Images were acquired with a Photometric Cascade digital camera system (Roper Scientific, Tucson, AZ), and the ratio of emission yields at wavelengths of 340 and 380 nm was calculated. These experiments were repeated at least three times (i.e., 3 different gels) with multiple (Ͼ15) cells per field.
Analysis of cellular VEGF secretion. VEGF secretion by the ASMCs was measured with a R&D Duo Set Human ELISA Kit according to the manufacturer's instructions. In brief, ASMCs were plated at 10,000 cells/cm 2 on hydrogel disks, and hydrogels were placed into 12-well plates with 0.7 ml culture medium. A 100 l-medium was collected at 72 h for ELISA after initiation of the experiment. For stimulation of VEGF secretion, 10 ng/ml TGF-␤ 1, or 100 ng/ml TNF-␣ were added into the medium. The light absorbance of samples at 450 nm was measured using a microplate reader (Biotek Synergy HT). Then, the amount of secreted VEGF was back calcu- lated from the light absorbance using a standard curve that was generated with standard samples. To account for a change in cell numbers over the 72-h culture period, the VEGF concentration values were divided by individual absorbance values of the MTT assay performed after collecting medium samples for VEGF ELISA.
Statistical analysis. At least three replicates were tested for each experimental group, and 50 cells or more were analyzed for each condition unless indicated otherwise. Statistical significance was determined via ANOVA, where P Ͻ 0.05. Following ANOVA, we used Tukey's post hoc analysis to compare between individual groups. The data are presented with means Ϯ SD unless indicated otherwise. Correlation was analyzed using the sample Pearson correlation coefficient. All statistical analysis was done using the SYSTAT software.
RESULTS
Airway tissue stiffness mapping with AFM. Using AFM, we evaluated stiffness of intrapulmonary airways in the mouse lung (Fig. 1) . We measured an average elastic modulus of 23.1 Ϯ 14 kPa (median 18.6 kPa), with a broad distribution (range 2-45 kPa), indicating substantial heterogeneity across airways. To further assess regional variations in elastic moduli, we focused first on an airway branch point exposed on the surface of a thin slice of fresh, unfixed lung tissue (Fig. 1, A-C) . The airway was marked with an antibody against the ␣-smooth muscle actin, and the region of interest with dimension of 80 ϫ 80 m was mapped using AFM. The elastic modulus of the ASMC layer of mouse intrapulmonary airways was determined to be mostly in a range between 18 and 38 kPa in this longitudinal section, consistent with the overall trends observed across airways, and indicative of the substantial spatial variation. Such variation in mechanical properties could reflect variations in the airway wall mechanical properties, or sampling of different regions within the airway wall as it traverses the plane in which the tissue was cut. To address this issue, we also examined airways cut transverse to their long axis (Fig. 1,  D and E) . In these airways, variations in elastic modulus were observed throughout the thickness of the airway wall, with a range of modulus values spanning ϳ2-45 kPa. Taken together these results demonstrate that the airways are substantially stiffer than previous reports for lung alveoli (elastic modulus ϳ1-2 kPa) measured using identical methods (17) .
Preparation of collagen-conjugated polyacrylamide gels with controlled elastic moduli. Cell-adherent polyacrylamide gels with controlled elastic moduli (E gel ) were prepared by chemically conjugating the same concentration of bovine type I collagen to the hydrogel with varied cross-linking density. The resulting elastic moduli of 15, 27, and 93 kPa span the average range observed in normal airway tissue as reported above and exceed this range to also study values that may be approached in stiff, fibrotic remodeled tissue (9, 24, 40) . Introduction of ␣-acryloyl poly(ethylene glycol) succinimidyl ester and collagen molecules into the gel-forming molecular mixture created the gel chemically conjugated with collagen. As expected, cells exclusively adhered to the gel chemically coupled with collagen molecules. Only a minimal number of cells attached to the collagen-free hydrogel.
Effects of E gel on adhesion and actin polymerization of ASMCs. We examined adhesion morphology of ASMCs adhered to gels with varying E gel (Fig. 2) . Within 3 h after seeding, Ͼ90% of cells were attached to the gel, independent of E gel (not shown). However, the cell adhesion morphology was dependent on E gel (Fig. 2A) . Intracellular cytoskeletal organization was also dependent of E gel . The cells adhering to the gels with E gel of 93 kPa exhibited fully stretched actin fibers, while those adhered to the gel with E gel of 15 kPa displayed limited number of short actin fibers. The cells on the gel with E gel of 27 kPa displayed similar actin organization to that on the gel of 15 kPa.
The extent of cell spreading, quantified with cell adhesion area, was proportional to E gel , so that cells adhered to the gel with E gel of 93 kPa occupied 3.4 times larger surface than cells adhered to the gel with E gel of 15 kPa (Fig. 2B) . Cell perimeter was 1.2 times lower on the gel with E gel of 15 kPa, compared with the cells on the gel with E gel of 27 kPa, whereas no significant difference was found between the gels with E of 27 and 93 kPa (Fig. 2C) .
ASMCs adhered to the gel with E gel of 15 kPa were elongated to a spindle form, while those on the gel E gel of 93 kPa were spread isotropically. Therefore, an aspect ratio of cells was increased with decreasing E gel (Fig. 2D) . The aspect ratio of the cells adhered to the gel with E gel of 15 kPa was almost 4.2 times larger than when adhered to the gel with E gel of 93 kPa.
Effects of E gel on intracellular calcium responses. Intracellular calcium responses to histamine were examined, given the relevance of calcium regulation to airway contractility (37) and the role of altered ASMC calcium homeostasis in airway hyperreactivity of asthma (8, 15, 21, 28, 31) As assessed by the F340/F380 ratio, ASMCs cultured on the gel with E gel of 27 kPa produced greater calcium responses than those adhered to the gel with E gel of 93 kPa (Fig. 3) . Cells adhered to the gel with E gel of 15 kPa detached following exposure to histamine. There was substantial consistency in the [Ca 2ϩ ] i responses to histamine across cells within a field and across cells on gels of the same stiffness.
Effects of E gel on proliferation of AMSCs. The effects of E gel on proliferation of AMSCs were evaluated by examining a change in the number of metabolically active cells using a MTT reagent at 3 and 72 h postseeding (Fig. 4, A and B) . Specifically, after 72 h, only a minimal increase in the number of cells positively stained with the MTT reagent was observed on the gel with E gel of 27 kPa, whereas a 37% increase in the number of metabolically active cells was found on the gel with E gel of 93 kPa. Thus the cells adhered to the stiffest gel almost reached confluency during the cell culture over 72 h (Fig. 4A) . The cells adhered to the gel with E gel of 15 kPa rather underwent a significant decrease in the numbers of live cells.
Matrix stiffness-dependent VEGF secretion of ASMCs. Effects of E gel on proangiogenic activities of ASMCs were first examined by measuring cellular secretion of VEGF in the absence and presence of inflammatory cytokines, such as TNF-␣ and TGF-␤ 1 (Fig. 5) . In the absence of inflammatory cytokines, ASMCs on a gel with E gel of 15 kPa secreted 2.7 and 5.8 times more VEGF than ASMCs adhered to the gel with E gel of 27 and 93 kPa, respectively. Overall, the VEGF secretion level of ASMCs when normalized to the cell number was inversely dependent on E gel .
Further exposure of ASMCs to inflammatory cytokines including TNF-␣ and TGF-␤ 1 for 72 h significantly elevated the amount of VEGF secreted by the cells. In the presence of TNF-␣, the cells cultured on a gel with E gel of 15 kPa secreted 2 and 3.4 times more VEGF than the cells on the gels with E gel of 27 and 93 kPa, respectively (Fig. 5) . In a similar manner, in a medium supplemented by TGF-␤ 1 , the softest gels stimulated cells to secrete 3.3 and 6.2 times more VEGF than the intermediate stiff and most rigid gel, respectively (Fig. 5) .
Effects of E gel on integrin-␤ 1 and phosphorylated ILK expressions of ASMCs. We analyzed effects of E gel on cellular integrin-␤ 1 and phosphorylated ILK expression to examine whether the inverse dependencies of calcium and VEGF secretions of ASMCs on E gel are related to the change in the number of receptor-ligand bonds. Integrin-␤ 1 is a major integrin that facilitates attachment to collagen I substrate in fibroblasts and smooth muscles cells (12) . It is known that the number of cell adhesion bonds is proportional to the cellular integrin expression, specifically phosphorylated integrins (6) .
According to images of cells immunostained after 24 h of cell culture, cells adhered to the gel with E gel of 15 kPa displayed the localization of integrin-␤ 1 in the moving front edge of the cellular membrane (Fig. 6A) . In contrast, the cells adhered to the stiffer gels expressed reduced integrin-␤ 1 . Therefore, integrin-␤ 1 expression level, quantified by antibody staining intensity, was inversely proportional to E gel . Specifically, ASMCs adhered to the gel with E gel of 15 kPa expressed 2.4 and 1.7 times more integrin-␤ 1 than those adhered to the gel with E gel of 27 and 93 kPa, respectively (Fig. 6B) . Therefore, the VEGF secretion level of ASMCs was linearly correlated to the integrin-␤ 1 expression level of cells (Fig. 6C) .
The phosphorylated ILK, which is involved in inside-out and outside-in signaling via integrin-␤ 1 , was also influenced by E gel , according to the immunostained images. The expression level of phosphorylated ILK (Ser246), analyzed by the intensity of staining with anti-ILK antibodies, was inversely related to E gel (Fig. 7, A and B) . Specifically, the expression level was decreased by a factor of 1.8 when E gel was increased from 15 to 93 kPa. Therefore, the VEGF secretion level of ASMCs was linearly proportional to the cellular ILK expression level (Fig. 7C) .
DISCUSSION
In summary, this study demonstrates that mechanical stiffness of a gel, to which ASMCs adhere, plays a significant role in modulating adhesion, proliferation, histamine-induced calcium responses, and inflammation-induced VEGF secretion. The extent of cell spreading was proportional to an elastic modulus of the gel (E gel ). ASMCs cultured on the gel stiffer than normal airways displayed a faster cell proliferation, reduced reactivity to histamine, and a lower VEGF secretion than the cells cultured on a gel with stiffness of a normal airway. In contrast, cells cultured on the soft gel displayed a decrease in proliferation over time and also produced larger amounts of VEGF than the ASMCs cultured on the gel with stiffness of a normal airway (40) . Additionally, VEGF secretion levels were in direct relationship to the cellular integrin and phosphorylated ILK expression levels, and calcium responses were significantly downregulated on the stiffest gel.
In the lung, ASMCs occupy a narrow compartment between respiratory epithelium and scarce fibrous connective tissue of adventitia. Changes in mechanical properties of ASMC niche caused by pathological processes happen in most chronic lung diseases, such as asthma, pulmonary fibrosis, and chronic bronchitis (7, 9, 17, 23) . These diseases are accompanied by the softening or stiffening of the airways (7, 17, 23, 42) . Furthermore, in asthma and chronic bronchitis, there is often an increase in the vascularity and the amount of fibrous connective tissue around the airways (3, 16) . Because of paucity of the data describing the mechanical properties of ASMC niche, we reproduced mechanical environments characteristic for the ASMC niche using collagen-conjugated hydrogels with controlled stiffness.
Based on previous biomechanical studies examining the ASMC niche and our own AFM-based mechanical mapping of normal airways, our hydrogels were formulated to present E gel of 15, 27, and 93 kPa (1, 35) . However, several limitations of our AFM methodology should be noted. First, examination of lung tissue by AFM requires removal of the lungs from the thorax and cutting of the tissue, thereby eliminating physiological prestress and air-liquid interface and precluding application of physiological variations in stretch. Secondly, while the fine spatial resolution of AFM provides insight into local mechanical properties and their variation, the sampling region is small (m) and limited to the cut surface; therefore, it is difficult to extrapolate our results to more macroscale traditional measures of lung tissue mechanics. Finally, it should be noted that our examination of airways in transverse and longitudinal orientations yielded slightly different ranges of elastic modulus (Fig. 1) . Such differences may reflect normal biological variability, may indicate tissue anisotropy, or could be a function of the airways being intact in longitudinal orientation vs. cut in the transverse orientation, thereby releasing prestress in the airway wall and reducing measured elastic properties. Therefore, additional careful study is warranted to investigate these issues, as well as to expand this methodology to directly study the mechanical properties of remodeled airways. Despite these limitations, the AFM methodology is the best approach currently available for detailing the local mechanical environment that cells experience in situ, and we believe the range of elastic moduli identified in our AFM work, and the hydrogel elastic moduli chosen for our in vitro studies, are both highly relevant for the study of airway smooth muscle biology.
Therefore, we propose that decreased proliferation rates of ASMCs on the gel with E gel of 15 kPa implicate the natural process of smooth muscle loss in small and terminal airways during emphysema as a result of the matrix softening (27) . In contrast, fast ASMC proliferation on the gel with E gel of 93 kPa is in line with the pathological cellular hyperplasia that is often encountered in asthma patients. Thus stiffening of airways due to the ECM deposition and subepithelial fibrosis may contribute to the general ASMC hyperplasia in asthma (2) .
We also suggest that integrin signaling, particularly integrin-␤ 1 , is crucial for ASMC adhesion and proliferation onto the collagen-conjugated polyacrylamide gel. Type I collagen is a major component of ECM in airways (25, 30, 41) ; and integrins-␣ 2 ␤ 1 and -␣ 1 ␤ 1 are responsible for adhesion and migration of smooth muscle cells on the collagen gel in vitro (12, 25, 30, 34) . Interestingly, the integrin-␤ 1 expression level was inversely proportional to E gel of the hydrogel in this study. It is also noteworthy that integrin-␤ 1 was asymmetrically expressed in the cell membrane and localized to the presumptive leading edge of ASMCs when adhered to the gel with E gel of 15 kPa, similar to fibroblasts (12) . In contrast, cells adhered to stiffer substrates displayed uniform distribution of integrins within cell bodies. Such local increase of the intracellular concentration of integrin-␤ 1 can be explained by a high integrin expression, high turnover, and recycling of integrin-␤ 1 molecules that occur at a faster rate on very soft gels (5). However, this inverse dependency of the integrin expression level on E gel may change; depending on the integrin involved, cell adhesion ligands linked to the gel as well as their spatial organization (4) .
Additionally, mechanical responsiveness of ASMCs to histamine, characterized by calcium responses in this study, was altered by stiffness of the hydrogel to which cells adhered. Particularly, cells on a gel with similar stiffness to the normal airway exhibited a higher level of calcium response to histamine than cells on a stiffer gel. A lower responsiveness of AMSCs on the gel stiffer than normal airways may indicate an additional effect of the subepithelial fibrosis in asthma. The stiffened airways walls are more resistant to the deformation and narrowing compensating for excessive ASMC contraction.
Taken together, this study demonstrated that the inverse dependencies of calcium response and VEGF secretions of ASMCs on E gel is related to the cellular mechanosensing because it is known that cellular integrin-␤ 1 and phosphorylated ILK expressions play important roles in transmitting an external mechanical signal. We found that the stiffer gel reduces the inflammatory cytokine-induced VEGF secretory function of ASMCs, so that the VEGF secretion level is linearly proportional to the integrin-␤ 1 expression level. It was previously reported that the secretion of several cytokines by ASMCs is regulated by integrin-␤ 1 -ligand binding, particularly to collagen I (30) . The relevance of integrin signaling to VEGF secretion level was further related to the phosphorylated ILK, a linkage between the integrin and VEGF signaling cascade. ILK is an upstream regulator of PKB/Akt pathway, which binds intracytoplasmic tails of ␤-integrins, and then, the subsequently phosphorylated ILK activates HIF-1␣ and VEGF expressions in at least one cell type, prostate cancer cells (36) . The increase in ILK activity was reported to be positively dependent on integrin-␤ 1 binding with type I collagen used in this study (26) . We therefore suggest that the softer collagenconjugated gel stimulates integrin expression by cells and subsequently increases the phosphorylated ILK level. Therefore, the matrix stiffness-modulated VEGF secretion of cells must be related to the ILK expression level.
In addition, such ILK-mediated cellular activities are attributed to the intracellular actin polymerization and organization. Cellular cytoskeleton composed of a variety of structural proteins serves to maintain the shape of a cell, participate in cell movement and intracellular transport, and contribute to the resistance to deformation. Actin being one of the main cellular structural proteins significantly contributes to the structural integrity of the cell. Actin fibers also orchestrate cellular stretching together with microtubules, while being connected to integrins (38) . It is therefore suggested that the dependency between cellular activities and matrix stiffness is related to changes of cell-exerting force marked with intracellular organization of actin fibers. In a similar context, the stiff hydrogel matrix with E of 93 kPa likely increased the cellular traction force as confirmed with the fully stretched actin fibers, thus leading to increased cellular proliferation and decreased calcium response and VEGF secretion (11, 29) . Conversely, the compliant matrix reduced force generated by cells, thus activating cellular calcium response to histamine and VEGF secretion while limiting cellular growth.
Here, we demonstrate that calcium response in ASMCs in vitro is altered by matrix stiffness. It was beyond the scope of the present study to specifically compare these in vitro results to ASMCs in vivo, where the adjacent presence of other cell types and resultant stiffness may affect the Ca 2ϩ responses. Furthermore, the intrinsic Ca 2ϩ responses of cultured ASMCs to agonists such as histamine and metacholine may differ from those in vivo (32-33) . Nonetheless, the relevance of our results In these experiments, human ASMCs were seeded on the collagen-conjugated polyacrylamide gels at a density 1,000 cells/cm 2 . Phosphorylated ILK was detected with fluorescent antibodies, and its expression was quantified by the intensity of the fluorescent signal.
lies in establishing a link between matrix stiffness and the behavior of ASMCs. Additionally, there are certain limitations to the interpretation of data developed using ASMCs grown on static hydrogels. In natural conditions, ASMCs face rhythmic stretch and relaxation cycles that may change the stiffness of airways in response. Therefore, it is clear that the diapason of the optimal stiffness for the ASMC niche is not a fixed value. It is rather a certain range in the elastic modulus. Because of technological issues, the elastic modulus of maximally stretched and completely collapsed alveolar and bronchiolar tissue is still unknown, and most values describing airway stiffness were produced on the static lung tissue of cadavers (19, 23, 42) . Hopefully, with the advancement of technology it will soon become possible to analyze and reproduce physical properties of lung tissue in live animals at different phases of respiratory cycle.
The analysis of longitudinal airway sections by AFM is inherently complicated by the distance between the cutting plane and the airway. Thus we combined both longitudinal and cross-sectional analysis of airways by AFM to gain insight into the spatial variations in airway wall stiffness and provide the first measurement of mechanical properties associated with the ASMC niche.
Conclusion. Overall, ASMCs are very responsive to mechanical stiffness of the collagen-conjugated hydrogel, a model cell adhesion matrix. The cells adhering to the gel stiffer than the normal airway displayed an increased degree of spreading, an elevated rate of proliferation, and reduced calcium responses to histamine. Such result implicates fibrosis-induced hyperplasia of airways in asthmatic patients. In contrast, the cells adhering to the gel softer than normal airways exhibited reduced rates of proliferation and a temporary increased VEGF secretion following the exposure to inflammatory cytokines, which reflects pathological changes in emphysema. Specifically, the inverse dependence of calcium and VEGF secretion levels in ASMCs to the gel stiffness were related to the expression levels of integrin-␤ 1 and phosphorylated ILK. Taken together, the results of this study will greatly contribute to a better understanding of ASMC physiology and further developing advanced strategies of various pulmonary diseases.
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